I. Introduction
The latest extension [1] of rotational data on 1,1-difluoroethylene (1,1-DFE) into the millimeterwave (MMW) range, but primarily the confirmation and further refinement of the long-known ground state (GS) parameters of this molecule, has prompted us to resume and complete much earlier work [2] on vibrational^ excited states of 1,1-DFE. These investigations were suspended when it was learnt in 1990 that other researchers [3] [4] [5] had taken up the study of this molecule by the Fourier Transform Infrared (FTIR) technique in the meanwhile. Our offer of all the information which we had established during the preceding seven years, first by double resonance modulation (DRM) microwave spectroscopy [2, 6] and then by the high-resolution FTIR technique, was declined. This left us little choice but to observe the results which could be derived from the analyses of FTIR bands alone.
As it turned out, the molecular parameters deduced from the A-type v 5 -band at ~ 550 cm -1 [3] were very consistent with our own earlier results. But the results extracted from the C-type Vj r band at ~ 802 cm -1 [4] and from the B-type v 8 -band at ~ 1301 cm -1 [5] differed noticeably from our earlier analyses of these bands.
The present contribution therefore deals with these latter two IR-bands, and it describes the molecular parameters which emerge when experimental data Reprint requests to Dr. O. L. Stiefvater. from DRM microwave spectroscopy are available for inclusion in the analyses of FTIR bands in addition to optimised molecular constants for the vibrational ground state [1] of a molecule.
II. Experimental and Computational Aspects a) Experimental
After the initial study of the FTIR spectrum of 1,1-DFE with the Bruker IFS 113v instrument in 1984, the vibrational spectrum of this molecule was observed for a second time, now with the newly developed IFS 120 HR FTIR interferometer of the Bruker company at Rheinstetten in 1988: The IR radiation was supplied by a Globar source, divided by a 'Ge-onKBr' beamsplitter and, in the case of the v n -band, detected by a Ge-Cu crystal cooled by liquid He. For the observation of the v 8 -band an MCT detector cooled by liquid N 2 was used. The sample pressure in a conventional gas cell of ~ 30 cm length with wedged KBr windows was around 3 Torr at room temperature. The maximal optical path difference (OPD) available on that instrument was nominally 258 cm and resulted in an unapodized spectral resolution of 0.0035 cm -1 . The interferogram was built up from 256 co-added scans and Fourier transformed after apodisation with a trapezoidal function. The wavenumber scale of the instrument was calibrated against known absorptions of C0 2 near 668 cm" 1 [7] for the v 11 -experiment, while accurately known [7] absorptions of H 2 0 (which was contained in the sam-0932-0784 / 96 / 0500-863 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen pie as an impurity) were used for calibration of the v 8 -band.
b) Computational
The numerical analysis of the observed FTIR bands was carried out with the help of a computer routine developed by Gambi, Winnewisser and Christiansen [8] . It consists of a first part (TRANSI) which allows the prediction of the rovibrational structure of a highresolution IR-band from the rotational parameters ( = rotational constants, quartic and sextic distortion constants) of the two states involved and their vibrational separation v° (band origin). The second part of the program (MINIQ) is a least-squares (LSQ) fitting procedure for the extraction of molecular parameters from a suitably large set of identified (assigned) rovibrational transitions of an IR-band. The routines are constructed on the basis of Watson's [9] A-reduced Hamiltonian in I r -representation ((x, y, z) = (b, c, a)):
Here, P is the total angular momentum operator and Pa b c are its components along the principal inertial axes of the molecule. A, B, C are the reduced rotational constants and A,ö are the quartic distortion constants, while $, 0 denote the sextic distortion constants. The fourth line of this expression is the product of the bracketed quantities. The symbol [,] + in the last line denotes the anticommutator [9] , Since the molecular constants of the GS of 1,1-DFE have been known to good accuracy for quite some time, while at least the rotational constants of the excited states v n = 1 and v 8 = 1 had been determined through DRM MW work [2] , detailed assignments of observed rovibrational transitions of the two FTIR bands were a comparatively simple task. They led to the refinement of the rotational constants and of the previously less well determined quartic distortion constants, as well as to the determination of the elusive sextic distortion constants of the two excited states.
III. Results
1. The C-Type Fundamental v u at 802 cm" 1 
a) Analysis
With some fifty pi a rotational transitions including four R-branch lines, but predominantly Q-branch transitions of the excited state v u = 1 safely identified by DRM microwave techniques [2, 6] in the early 1980s, the structure of the C-type vibrational band v 1 x = 1 <-0 around 802 cm -1 could be precalculated (program TRANSI) with a high degree of confidence. A comparison of that prediction with the FTIR band, as observed in 1988, readily resulted in the assignment of some 450 rovibrational transitions in each the P-and R-branch of the band. J-values ranged from 3 to 40 in both branches and, with the distortion treatment restricted to quartic coefficients for both the GS and the state v u = 1, a band origin of = 802.06996 (20) cm -1 was indicated.
After the recent confirmation and further refinement of the GS-parameters [1] , including sextic distortion constants of 1,1-DFE through the addition of new MMW data, and their combination with the large body of GS data which had been available for quite some time from other researchers [10] , we thought it appropriate to resume the earlier analysis of the v nband against the background of these latest GS parameters. While this re-examination thoroughly confirmed the much earlier work, it allowed the extension of rovibrational assignments throughout both branches, reaching up to J' = 46 at the end of the observed P-branch and up to J' = Al in the observed R-branch. It was noticed during the associated LSQfits (program MINIQ) that these | AJ | =1 transitions left the rotational constant C about twice as uncertain as the A-and B-constants, and that the emerging sextic distortion constants of the state v n = 1 showed rather large deviations from their counterparts in the GS. This prompted us to attempt the assignment of FTIR peaks within the Q branch, which in a C-type band is known to be more compact than in A-or ß-type IR bands.
While we were initially confident that a reprediction of transitions in this range, which was based on some 1250 fitted | AJ | =1 transitions, would suffice to safely assign observed Q-branch peaks, the very high density of expected strong transitions caused substantial uncertainty when this region of the band was approached from the low J range at the low wavenumber side of the observed Q-branch. Only when comparing the high wavenumber end of the Q-branch (see Fig. 1 ) with expectation was it noticed that the observed peaks deviated in a systematic manner from the expected positions of members of the intense series
Here, J' designates the angular momentum quantum number of levels in the excited state and, of course, J' = J for Q-branch transitions. The bracketed indices are the K a quantum numbers of the doubly degenerate pairs of IR transitions. -In the wavenumber range from 802.24 cm -1 to 802.70 cm -1 34 consecutive members of this series with J-values running from 39 to 72 could be identified on the grounds of their intensity and their systematically increasing deviations from expected positions. These 34 observed Q-branch signals were therefore first inserted (initially with increased weights) into the LSQ-fit together with the P-and R-branch lines. They were found to reduce significantly the afore-mentioned uncertainty in the rotational constant C and to rectify the previously 'suspect' values of the sextic distortion constants to closer proximity to their GS counterparts than had been possible through LSQ fitting of P-and R-branch transitions alone. A subsequent reprediction of the Q-branch with the refined parameters permitted the unequivocal assignments of 188 transitions to 125 observed absorptions, with very close coincidence of two or more transitions into one observed peak being the standard situation rather than the exception. The reprediction also allowed the extension of the series J ( ' 0 ,1}I j -./(i,o), J down to J' = 27 and up to J' = 77, with a weak signal observed at the J' = 85 position. The assignment of this latter signal must be considered tentative, however, as its wavenumber value lies well within the range of a hot band centered at ~ 803.0 cm" 1 .
b) Blending Transitions
In the case of two closely spaced transitions of comparable intensity, the value of the instrumentally available resolution (here: 0.003 cm -1 ) is incompatible with the simultaneous requirement that a 'fittable' transition should agree with calculation to within the six times smaller margin of 0.0005 cm -1 . While some workers prefer to simply ignore the existence of this dilemma by allowing much larger discrepancies between observed and calculated wavenumber values, not withstanding the fact that a considerably higher experimental accuracy than here may be claimed at the same time, we have considered it preferrable for some time now to bridge the gap between the high accuracy of the FTIR technique, on the one hand, and its limited resolution, on the other hand, by splitting up observed blending peaks into the two component transitions which generate them. The procedure is best illustrated by an example: The parameters derived from the LSQ-fit of some 1500 absorptions to within less than 0. As the comparison with the above predictions shows, both these wavenumber values can be included in the LSQ-fit of the band, as they now comply with the adopted compatibility limit of +0.0005 cm -1 .
The outlined splitting up of blending absorptions a posteriori should, in our opinion, not be attempted before all single peaks of a band are satisfactorily accounted for, so that the true separation of two blending transitions can be precalculated to within about 10% or better.
In the case of the Vj r band of 1,1-DFE, the application of the described procedure has led to the incorporation of some 500 fittable transitions, and it has brought the total number of data in the final LSQ-fit of the FTIR-band to -2000.
e) Combination Differences ( Co 'Dis)
To fully exploit all the information which is provided by a rovibrationally analysed FTIR-band, we have extracted the Co'Dis for the state v n = 1 from the identified and fitted 2000 transitions of the band. This produced some 550 secondary data. Since the J '-range of the assigned Q-branch transitions is largely above that of the assigned P-and R-branch lines, the great majority of these Co'Dis is of the AJ' = 2 type. On the basis of the compatibility limit which we had adopted for the observed and fittable transitions, the Co'Dis had to be expected to deviate by up to 0.001 cm -1 from calculation, and deviations between 0.0005 cm" 1 and 0.001cm -1 were indeed found for some 70 Co'Dis. These were therefore removed from the LSQ fit, as were all Co'Dis which involved absorptions that had been split a posteriori (Sect, b, above). Furthermore, in view of the fact that the IR-derived Co'Dis for v t j = 1 are in direct competition with the at least 100 times more accurate and observed pure rotational transitions of the excited state, their acceptability limit was narrowed down to ~ 10 MHz (~ 0.00033 cm" 1 ). These restrictions left some 300 Co'Dis in the final LSQ fit of all data.
(A reduction in the weight of the Co'Dis by 10" 4 was also tested and found to produce no significant change in the resulting parameters for v n = 1.)
d) Rotational Parameters and the Band Origin
The constants for the state v n = 1, as derived from some 2000 observed and interpreted FTIR transitions, and some 300 deduced and fitted Co'Dis, together with 51 purely rotational transitions, are collected in Table 1 . The at least 100-fold superiority in precision of the latter over the FTIR data was taken into account by the assignment of a weight factor of 10 4 to those 51 MW and MMW data, while all IR data were given the weight unity. -The correlation matrix between fitted parameters, which emerged from the final LSQ fit of all the data, is reproduced alongside Table 1 .
The B-Type Fundamental v 8 at 1301 cm" 1 a) Analysis
The rotational constants of the state v 8 = 1 were known from the early DRM microwave work [2] , in which 42 purely rotational transitions within this excited state had been identified. A wavenumber value of v 8 = 1301.1 + 0.5 cm" 1 for the band centre could be readily read off by mere inspection of the FTIR band. From this information, the structure of the ß-type band v 8 (C 2v symmetry species B x ) was computed, and the comparison of this prediction with the observed FTIR band readily allowed the successive assignment of 1088 rovibrational transitions up to J' = 45 in the P-and R-branch, and up to J' = 33 in the Q-branch. Together with the 42 purely rotational transitions within the state v 8 = 1, the LSQ-fit of all these data, but without consideration of sextic distortion effects, absorptions in the state v 8 = 1, which had been observed initially [2] , were included in this fit with weights (2.5 x 10 3 ) representing the higher accuracy of purely rotational over FTIR data. A recomputation of the v 8 -band with the parameters thus derived allowed some further 300 observed peaks to be interpreted as due to blending absorptions of two, occasionally three, separate transitions which occur too close to each other to be resolved instrumentally. As has been outlined in Sect. III. 1 -b (above), these blending doublets were split a posteriori to contribute some 600 assignable transitions, so that the total number of data in the LSQ-fit rose to more than 2900. As described for the state vn = 1, Co'Dis for the state v8 = 1 were extracted from the assigned absorptions of the FTIR band. These secondary data showed the same features as described before and, by application of the same selection criteria as in the case of vx x, 583 Co'Dis (out of a total of 1235) with deviations of less than 0.00033 cm" 1 (~ 10 MHz) were retained in the final LSQ fit of the v8-band.
c) Rotational Parameters and the Band Origin v8
The molecular constants of the state v8 = 1 are collected in Table 2 which, like Table 1 , also gives the previously reported constants [5] for comparison. The correlation matrix of the present fit of 3564 data is given alongside the table.
Listings of the fitted IR and MW transitions, including the deduced Co'Dis of both the vn-band and the v8-band have been deposited with the "Zentrum für Struktur-Dokumentation" of the Universität Ulm, Germany. They may also be obtained from the author.
IV. Discussion
The rotational constants derived here for the excited states vu = 1 and v8 = 1 deviate by up to 3 x 10~6cm~1 from their counterparts reported earlier [4, 5] . This amounts to up to 100 times the standard errors in these constants.
For tracing the origins of these discrepancies, one first needs to examine the instrumental features of the IFS 120 HR "demonstration model" at the Bruker company and the IFS 120 HR instrument at the University of Giessen. -The latter spectrometer derives its superiority over the former from the addition of a specifically designed larger and much longer (~ 300 cm) gas absorption cell than the former. This allows sample pressures to be reduced sufficiently to eliminate the pressure broadening of absorptions. Hence, the line width of signals observed with the Giessen instrument is determined by the Doppler width alone. The conventional gas cells (length: ~ 30 cm) used on the "demonstration model" require sample pressure above 1 Torr, with the result that observed signals show the effects of pressure broadening. Furthermore, to exploit the small, Doppler-limited line widths, the interference path length (OPD) of the Giessen instrument is extended over that of the "model" by more than a factor 2 to provide a spectral resolution of 0.0015 cm" 1 . On both these grounds, the experimental data obtained with the IFS 120 HR at Giessen (in 1989) must be judged significantly superior to our own data, which were obtained in 1988 with the "demonstration model" at the Bruker company itself.
This superiority of the Giessen instrument over the company's "model" is borne out by the fact that the P-and R-branch of the Vj rband could be observed up to J' = 70 at Giessen, while our earlier data reach up to J' = 47 only. This, however, makes it difficult to understand why the later researchers [4] did not recognise, assign and fit any Q-branch transitions at all. While the low-wavenumber side of the Q-branch (see Fig. 1, above) does not seem to offer any particularly distinctive features, we would expect that under a lower sample pressure, yet higher instrumental sensitivity and higher spectral resolution, the Q-branch series J' 0 *-J x j would present itself as a very striking spectral feature begging for interpretation.
In addition to the analysis of the Q-branch of the vn-band -despite the instrumental inferiority of the "demonstration model" -the present study differs from the published work [4, 5] in two more aspects:
The rotational constants of the excited states vn = 1 and v8 = 1 were essentially held fixed at the values determined from 47 observed rotational transitions (with 4 MMW transitions added recently [1] ) of the state vtl = 1, and 42 rotational transitions of the state v8 = 1. We had observed and assigned these transitions more than a decade ago [2] by the DRM technique [6] . -In view of the 100-fold superiority in precision of rotational MW (and MMW) data over FTIR data, these 51 and 42 transitions were given a weight of 10 4 in the present LSQ fits. The ~ 2000 (in the case of vu = 1) and ~ 3000 FTIR data (for v8 = 1) which were found compatible with this rotational information, were all given the weight of unity, and they helped significantly to pin down the distortion constants of the two excited states. As the range of J'-values of observable transitions of an IR band is, generally, much larger than the range of J-values accessible by rotational spectroscopy, the IR analysis seems eminently suited for the determination of distortion constants.
The parameters of the GS of 1,1-DFE, which we have used during the past seven years, are in keeping with the very large number of spectroscopic data provided by many different researchers up to 1987. These GS constants were recently confirmed and refined through the addition of novel data [1] . The GS constants which were chosen by the previous investigators [4, 5] , on the other hand, can hardly be reconciled with the multitude of data established up to 1987 [10] . They were chosen [4] on the basis of an LSQ-fit of 2594 GS Co'Dis extracted from the vu-band and a further 1914 GS Co'Dis deduced from the A-type v5-band [3] , together with some 170 rotational data [11] . -We have attempted to gauge the merits of this approach (combination of a huge body of comparatively inaccurate IR-derived Co'Dis with a much smaller number of observed transitions of significantly higher precision than the former) by extracting GS Co'Dis from all six FTIR bands of 1,1-DFE, which we had analysed up to J' ~ 45 by 1989, and their combination with the 440 non-degenerate MW and MMW data on the GS [1] . As was to be expected on the basis of an experimental uncertainty of assigned FTIR peaks of ± 0.0005 cm" 1 , pairs of identical GS Co'Dis showed discrepancies of up to ± 0.002 cm" 1 (60 MHz) when derived from different IR bands, and less than 3% of the total number of Co'Dis thus derived were compatible to within at least 2 x 10~4 cm -1 (6 MHz) with the wavenumber values that were expected from the known GS parameters. The latter had been derived from much fewer (440), but up to 3000 times more accurate data from rotational spectroscopy [1] , -From that result one has to conclude that the GS constants, which had been adopted by the previous workers [4, 5] , are considerably inferior to earlier values for these constants which had been derived by other, but experimental techniques. The very large uncertainties in the adopted GS constants of [4] lend further support to this conclusion. The large discrepancies between the present and the previous rotational parameters for the state vn = 1 and v8 = 1 must therefore be ascribed predominantly to inappropriate GS parameters in the earlier published work.
The close coincidence, finally, of the band origins Vg, and particularly v^, in the present and the previous study should be taken as credit to the Bruker company and the persons who carried out the wavenumber calibrations of the IFS 120 HR instruments at Rheinstetten and at Giessen.
